membrane vesicles with a right-side-out and inside-out orientation. Enzyme IImt* is shown to catalyze facilitated diffusion of mannitol at a low rate. At equilibrium, bound mannitol is situated at the periplasmic side of the membrane. The apparent binding constant is 40 n M for the intact membranes. Solubilization of the membranes in detergent decreases the affinity by about a factor of 2. Inside-out membrane vesicles, treated with trypsin to remove the C-terminal cytoplasmic domain of enzyme IImtl, showed identical activities.
These experiments indicate that the translocation of mannitol is catalyzed by the membrane-bound N-terminal half of enzyme 1I"l which is a structurally stable domain. %e mannitol-specific transport protein enzyme IImtl [for reviews, see Postma and Lengeler (1985) and Robillard and Lolkema (1988) l I catalyzes mannitol transport and phosphorylation via the following reaction in which P-enolpyruvate serves as the initial phosphoryl group donor.
11"'
mannitol,,, + P-HPr -mannitol-Pi, + HPr Phosphorylated enzyme IImd is an intermediate in this reaction.
Enzyme TImt' is a 68-kDa polypeptide chain for which the primary sequence has been deduced from the base sequence of the cloned mtlA gene (Lee & Saier, 1983) . Hydropathy analysis divides the protein into a hydrophobic N-terminal half and a hydrophilic C-terminal half. This is in agreement with topographical studies that demonstrate that half of the enzyme is globular and situated at the cytoplasmic side of the membrane whereas the other half is integrated in the membrane (Stephan & Jacobson, 1986) . The latter is assumed to be responsible for the translocation of the solute. The hydrophilic C-terminal half consists of two separate domains that have been subcloned from the mtlA gene and shown to be functional 'This work was supported by the Netherlands Foundation for Chemical Research (SON) with financial aid from the Netherlands Organization for Scientific Research (NWO).
* To whom correspondence should be addressed.
0006-2960/90/0429-10659$02.50/0 in complementation assays (van Weeghel et al., 1990; White & Jacobson, 1990) . Each of these two domains contains a phosphorylation site. His554 accepts the phosphoryl group from P-Hpr and passes it on, via an intramolecular transfer, to Cys384 in the second domain. Phosphorylated Cys384 is the donor for the incoming sugar (Pas & Robillard, 1988) .
A high-affinity mannitol binding site on the unphosphorylated enzyme has been demonstrated with purified enzyme IImtl by ultrafiltration (Pas et al., 1988) . Data have been presented showing that the site is localized in the Nterminal half of the protein (Grisafi et al., 1989) . The present study focuses on the orientation of the binding site on enzyme 11"" with respect to the two sides of the membrane. The binding of mannitol was measured to membrane vesicles with a right-side out (RSO) or an inside-out (ISO) orientation. tory. Lysozyme (1 5 000 units/mg) was from Merck and trypsin TPCK from Worthington. The Escherichia coli phosphotransferase enzymes El and Hpr were purified as described (Robillard et al., 1979; Dooijewaard et al., 1979) .
EXPERIMENTAL PROCEDURES

Materials
Methods
Growth Conditions. Escherichia coli strain ML308-225 was grown at 37 "C in medium 63 (Saier et al., 1976) containing, unless otherwise stated, 0.5% mannitol as the carbon source. Cells were harvested at an OD,,,, of 1.0.
I S 0 membrane uesicles were prepared essentially as described (Reenstra et al., 1980) . The buffer used throughout the whole procedure was 25 m M Tris, p H 7.6, 1 m M DTT, and 1 mM NaN3. The vesicles were washed once with the same buffer. Aliquots of 200 p L containing 1-4 mg/mL membrane protein (Lowry et al., 1951) were stored in liquid nitrogen.
RSO membrane vesicles were prepared by the osmotic lysis procedure (Kaback, 1971) except that 50 pg/mL lysozyme was used to make the spheroplasts. In the final steps, the phosphate buffer was replaced with a 25 mM Tris, pH 7.6, buffer. The vesicle preparation was purified on a sucrose gradient to remove any contaminating cells or spheroplasts. A vesicle suspension containing approximately 1 mg/mL membrane protein in 25 m M Tris, pH 7.6, 1 m M DTT, and I O mM EDTA was layered on top of 20 mL of a 50% (w/v) sucrose solution in the same buffer and centrifuged for 45 min at 50000g in a Sorvall SS34 rotor. The membranes at the interface were collected and washed twice with 200 mL of the same buffer without EDTA. The purification is absolutely essential to prevent the metabolism of mannitol in the binding experiments. The membranes were stored in liquid nitrogen.
Actiuity Measurements. The residual enzyme 11"" activity of trypsin-treated membranes was assayed by measuring the rate of exchange between 1 m M mannitol-P and 0.4 y M mannitol. The exchange rate and P-enolpyruvate-dependent mannitol phosphorylation rate were measured as described (Robillard & Blaauw, 1987) .
The flow dialysis system consists of two compartments separated by a dialysis membrane. Buffer flows continuously through the lower compartment, a coil-shaped channel. Membranes equilibrated with radioactively labeled substrate are loaded in the upper compartment, which is stirred with a magnetic stirring bar. A small amount of substrate diffuses continuously into the dialyzate in the lower compartment. The amount of radioactivity there is proportional to the free substrate concentration in the upper compartment. The response time of the system indicates the time required for a change in the mannitol concentration in the sample compartment to equilibrate with the dialyzate.
All experiments were performed in 25 m M Tris, pH 7.6, 5 m M DTT, and 5 m M MgSO, at room temperature. The upper compartment was loaded with 400 pL of membrane suspension. No addition changed the volume by more than 3%. A flow rate through the lower compartment of 0.4 mL/min and a sampling time of 1 min resulted in a half-time of the response of 31 s. The half-time was 14 s with a flow rate of 0.6 mL/min and a sampling time of 12 s. An aliquot from each sample was transferred to a scintillation vial, and 2.5 mL of scintillation emulsifier was added.
A change in the free concentration in the upper compartment was analyzed by treating the response of the system as an exponential. This approach neglects the initial slow phase in the response, which is due to sampling of the dialyzate. Changes in the free concentration were characterized by half-times that were taken as the difference between the t l i z Biochemistry, Vol. 29, No. 47, 1990 Flow Dialysis Experiments. of the displacement experiment and the system response.
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RESULTS
Mannitol Binding Measured with Flow Dialysis.
The flow dialysis technique allows a continuous measurement of the concentration of free substrate in equilibrium with the enzymesubstrate complex (Colowick & Womack, 1969) . When cytoplasmic membranes derived from cells induced for the mannitol transport system were solubilized with the detergent decylPEG and subsequently equilibrated in the upper compartment with 100 nM [3H]mannitol, the radioactivity in the dialyzate in the lower compartment was equivalent to approximately 40 nM [3H]mannitol [ Figure 1A The concentration of free label increased rapidly up to 100 nM upon the addition of 100 p M unlabeled mannitol. Excess unlabeled mannitol displaced essentially all labeled mannitol at the binding sites. The rate at which the free label concentration increased was identical with the response of the system to a stepwise change of the label concentration in the upper compartment. Therefore, with solubilized membranes, the exchange of bound and free mannitol was much faster than the response time of the system. The accessibility of the binding site on enzyme I P ' was investigated by measuring mannitol binding to intact RSO and IS0 membranes. Comparison of the open and closed symbols in Figure lA ,B shows that, after equilibration of the intact membranes with 100 n M [3H]mannitol, the levels of free mannitol were comparable with those found with the solubilized membranes; the amount of mannitol bound to intact versus solubilized membranes was more or less the same irrespective of the orientation. The potentially excluded volume inside the membranes is of no importance in this measurement since the internal volume of the membrane suspensions at these protein concentrations is well below 1% [for the larger RSO membranes, see, for instance, Beneski et al. (1982) l while the on medium 63 with 0.5% of the indicated carbon sources. The binding was measured after equilibration of 0.3, 3.5, and 1.9 mg/mL membrane protein for the mannitol-, glucose-, and glycerol-induced cells, respectively. The total concentration of [3H]mannitol was 100 nM for the first experiment or 65 nM for the latter two. The second and third column, give the equilibrium concentrations of free and bound mannitol, respectively. Enzyme 11"' activity was measured as the rate of mannitol phosphorylation in the presence of 0.6 mM mannitol, 5 mM P-enolpyruvate, 3.6 WM HPr, and 0.1 WM enzyme I.
The buffer contained 25 mM Tris, pH 7.6, 5 mM DTT, 5 mM MgS04, and 0.5% decylPEG.
amount of substrate bound is approximately 60%.
The data in Table I show that the observed binding is due to the presence of enzyme IImtl. Membranes isolated from cells grown on glucose or glycerol bind only a fraction of the mannitol that is bound by membranes isolated from cells grown on mannitol ( Table I) . The low levels of binding correlate well with the low rates of mannitol phosphorylation catalyzed by these membranes, indicating that the binding is to enzyme IImd that is constitutively expressed by the cells. Therefore, all binding can be accounted for by binding to enzyme IImtl; aspecific binding is negligible.
Scatchard Analysis of the Binding. Scatchard plots of the binding to solubilized IS0 and RSO membranes in the presence of decylPEG revealed similar binding constants as expected (Figure 2, closed symbols) . The Kd values of 97 and 72 nM, respectively, are close to the value of 100 nM that has been reported for the binding of mannitol to purified enzyme IImti in decylPEG (Pas et al., 1988) . The affinity of enzyme 11"' for mannitol in intact membranes was found to be consistently higher. Typical K,'s were 35 and 47 nM for IS0 and RSO membranes, respectively (Figure 2 , open symbols). Grisafi et al. (1 989) have reported a KD of 1 pM for mannitol binding to intact membranes. However, this number is based upon an incorrect analysis of a nonlinear Scatchard plot (Dahlquist, 1978) . Subtraction of the low-affinity contribution from the high-affinity part of the curve, in their data, will indicate a much lower value for the latter.
The maximal number of sites increased some 20% upon solubilization of both RSO and IS0 membranes for some unknown reason. Nevertheless, the results show that essentially all sites are accessible both in RSO and in IS0 membranes. This, together with the similar KD's for the two preparations, strongly indicates that a t equilibrium the complex between mannitol and enzyme II"l is the same with IS0 and RSO vesicles.
The maximal number of sites in the IS0 and RSO preparations in Figure 2 were 550 and 400 pmol/mg of membrane protein, respectively. This corresponds to 7.6% and 5.5% of the membrane protein being enzyme 1 P i , assuming one binding site per dimer (Pas et al., 1988) . This unusually high level of expression of enzyme IImti was confirmed when the mannitol phosphorylation activity of membranes of this strain of E . coli ) was compared to the same activity of a known concentration of purified enzyme P I . The total number of sites differed considerably between different batches of one type of membranes, indicating different levels of expression of enzyme 1 P 1 in the original cells. This explains why the specific binding to the RSO membranes in Figure 1A is 1.5 times higher than to the IS0 membranes in Figure whereas the reverse holds in Figure 2 where other batches of membranes were used.
All titrations in Figure 2 show single populations of binding sites. A possible second site with a lower affinity (Pas et al., 1988) would not show up, however, since the binding was only titrated up to total concentrations of 500 nM. The emphasis in this report is on the high-affinity binding site.
Kinetics of Exchange and Binding with Intact
Membranes. An identical rate of increase of free label was observed upon addition of excess unlabeled mannitol either to intact RSO vesicles or to solubilized membranes equilibrated with 100 nM [3H]mannitol [compare (0) and ( O ) , Figure lA] . This indicates a rapid exchange between bound and free mannitol. However, with intact IS0 vesicles, the increase was much slower than the response time of the system [ Figure 1B (o) ].
Exchange of free mannitol with mannitol bound to IS0 membranes was much slower than with mannitol bound to RSO vesicles or solubilized membranes. Apparently, mannitol bound to intact IS0 membranes is located at the periplasmic side of the membrane (the inner face of the IS0 vesicle, the outer face of the RSO vesicle).
The slow exchange can be explained in one of two ways. First, passive diffusion of mannitol across the membrane is the slow process; the binding site on enzyme 1I"l is fixed at the periplasmic side. Second, translocation of the loaded binding site followed by dissociation is the slow process; enzyme IImtl catalyzes facilitated diffusion. Discrimination between the two possibilities can be made by analyzing the kinetics of the binding event itself (Figure 1C) . In the fixed-site option, [3H]mannitol added to intact IS0 membranes would first have to diffuse passively across the membrane before it could bind to the binding sites. This diffusion would be slower than the response time of the system (see above). Consequently, when free label was added at the arrow in Figure lC , a slow binding would result in a free label concentration that would be transiently much higher than the equilibrium concentration seen in experiment 1B (0). The fixed-site option predicts an overshoot in the free label concentration upon addition of [3H]mannitol to intact IS0 membranes. Figure 1C (0) shows, however, that the free concentration immediately rises to the equilibrium concentration, indicating that the binding event itself is much faster than the response time of the system. This is not consistent with the fixed-site option. This leaves the second option that the loaded binding site on enzyme IImtl translocates between the two faces of the membrane. The initial event in the binding is binding to the unloaded site at the external face of the membranes. Since the binding to IS0 as well as R S O membranes is fast ( Figure IC) , we must conclude that the unloaded binding site isomerizes rapidly between the two faces of the membrane. Once mannitol is bound, the loaded site is situated preferentially at the periplasmic side of the membrane (inside the IS0 vesicle). For exchange of bound label with unlabeled mannitol [Figure 1 B  (O) ], the loaded site must translocate to the exterior of the IS0 vesicle and release the label. The overall rate constant for these steps is different from the overall rate constant for the same steps in the opposite direction [ Figure 1C (O) ]. This difference in rate constants in two directions is typical for enzyme-catalyzed translocation and inconsistent with passive diffusion.
The time course of the exchange of [3H]mannitol bound to IS0 membranes with excess unlabeled mannitol is analyzed in Figure 3 ( 0 ) . The decay of bound [3H]mannitol followed a single exponential, indicating that, at equilibrium, all bound mannitol is situated at the periplasmic side of the membrane. It should be noted, however, that rapid initial decays up to about 10% would be difficult to detect because of limitations in the rate of sampling of the dialyzate in the lower compar tment .
We have attributed the slow exchange rate in Figure 1B (0) to translocation of the loaded carrier to the exterior followed by dissociation. However, one could postulate that the rate of exchange is determined instead by exchange of unlabeled mannitol with a pool of free [3H]mannitol diluted with unlabeled mannitol. Assume, for instance, that unlabeled mannitol entered the vesicle and exchanged with bound [3H]mannitol, leading to an internal pool of [3H]mannitol of lower specific activity. Many turnovers of the enzyme, depending on the dilution ratio, would be necessary to reach equilibrium of the internal [3H]mannitol of low specific activity and the external unlabeled mannitol. This could be the "slow process" in Figure IB (0) . For this to be correct, the observed rate of exchange should be dependent on the mannitol concentrations used since that will determine the dilution factor of the [3H]mannitol. This was examined by preequilibrating Table I1 show that, within experimental error, the rate of exchange was independent of the bound [3H]mannit~l concentration or the concentration of excess unlabeled mannitol. We consistently observe a decrease of the binding according to a single exponential and to a level that could be predicted solely based upon the ratio of labeled and unlabeled mannitol. Therefore, the exchange process demonstrates single turnover of the bound mannitol pool.
Binding to Trypsin-Treated I S 0 Membranes. The cytoplasmic domain of enzyme IImtl embedded in the membrane of an I S 0 vesicle can be removed by trypsinolysis (Stephan & Jacobson, 1986) . Addition of 50 pg/mL trypsin to IS0 membranes equilibrated with 100 nM [3H]mannitol had no effect on the level of binding (not shown). Control experiments showed that this treatment instantaneously abolished over 90% of the mannitol phosphorylation activity. Addition of excess unlabeled mannitol released bound mannitol a t a rate comparable to that observed with the untreated IS0 membranes [Figure 3, (0) versus (e)]. These experiments emphasize that the membrane-bound part of enzyme I P is a structurally stable domain that catalyzes mannitol transport even in the absence of the cytoplasmic domains.
DISCUSSION
Facilitated diffusion catalyzed by enzyme I1 of the bacterial phosphotransferase system has been reported before. The function was inferred from the efflux of accumulated pts sugars from cells (Solomon et al., 1983; Reizer et al., 1983; Reizer & Saier, 1983) or from steady-state phosphorylation by IS0 membranes (Lolkema & Robillard, 1985) . Facilitated diffusion in these studies was from the cytoplasmic side of the membrane to the periplasmic side and under phosphorylating conditions. The present study demonstrates that the E . coli enzyme 11"' catalyzes facilitated diffusion of mannitol across the cytoplasmic membrane in the absence of P-HPr. It was shown that all of the binding sites on enzyme I P ' were accessible both in RSO and in I S 0 membranes. The different rates of binding and expelling of mannitol to and from IS0 membranes are consistent with the translocation of mannitol by enzyme IImtl. The facilitated diffusion property of the unphosphorylated mannitol carrier has no relevance for mannitol catabolism for the very simple reason that E . coli does not possess a kinase or dehydrogenase to utilize mannitol. In addition, the carrier would be kinetically incompetent for two reasons: (i) the rate of transport into the cell is very slow; (ii) due to the high affinity of the carrier for mannitol, the transporter would become trapped in the loaded form at submicromolar internal concentrations of mannitol. The diffusion of mannitol into the cell may play a role in induction and the dissociation constant at the cytoplasmic side of the membrane ( k 2 ) . Phosphorylation of the enzyme may affect one or both of these steps. In the case of an increased translocation rate, the mechanism of coupling is at the level of the transport step itself. In the case that the dissociation of mannitol is the slow step, the coupling is at the level of phoshorylation of mannitol, the slow dissociation of mannitol being replaced by the fast dissociation of mannitol-P. At present, experiments are in progress to determine the relative contribution of these two steps in the slow exchange process. This will allow us to determine the mechanism of coupling between the kinase and transport activity of enzyme I P ' .
Registry No. Mtl, 69-65-8; phosphotransferase enzyme IImtl, 31218-09-4. of the genes for mannitol metabolism.
Mechanism of Translocation. The present results are consistent with a single translocation site model as depicted in Scheme I. The insensitivity of the rate of exchange to very high concentrations of unlabeled mannitol indicates no involvement of a second site with lower affinity in the translocation mechanism (Table 11 ). In models where mannitol moves within the protein from a binding site at one side of the membrane to a second site at the opposite side of the membrane, high concentrations of unlabeled mannitol would occupy the second site and inhibit the exchange rate. The slow exchange between mannitol bound to IS0 membranes and excess unlabeled mannitol demonstrates the transition between E,,:Mtl and E,,,:Mtl, followed by dissociation of mannitol at the cytoplasmic side (E,:Mtl -EW). The single-exponential time course of the displacement (Figure 3) indicates that, at equilibrium, all bound mannitol is situated at the periplasmic side (state E,,:Mtl). Association/dissociation at this side is demonstrated by the exchange of mannitol bound to RSO membranes with excess unlabeled mannitol (E,,:Mtl -EPr, Figure 1A ). This equilibrium is fast relative to the response time of the system. Binding to IS0 membranes involves, among other steps, the translocation of the loaded carrier from the cytoplasmic to the periplasmic side of the membrane (E,,,:Mtl -E,,:Mtl). The equilibrium distribution between E,,,:Mtl and E,,:Mtl indicates that this transition is much faster than the reverse transition ( k , >> k-3). The steps involved in the binding events ( Figure IC ) depend on the equilibrium distribution of the unloaded carrier over Ecyt and E,,. Nevertheless, the rapid binding kinetics to both RSO and IS0 membranes at room temperature demonstrate that the binding site isomerizes rapidly between the two states.
Mechanistic Relevance. The overall catalytic activity of enzyme IF'"' is the coupled transport and phosphorylation of mannitol. However, in terms of catalytic mechanism, the transport and kinase activities are separable functions that the enzyme somehow manages to couple. The cytoplasmic domain contains the kinase activity. The hydrophobic membranebound half of the protein constitutes the machinery to transport mannitol. The structural and catalytic integrity of this domain is supported by the trypsinolysis results. The present data show that the transport of mannitol from periplasm to cytoplasm catalyzed by the N-terminal domain in the absence of P-HPr is slow. Transport coupled to phosphorylation is about 3 orders of magnitude faster as estimated from the turnover number for steady-state phosphorylation of mannitol catalyzed by purified enzyme I P ' . Therefore, phosphorylation of the cytoplasmic domain of enzyme IImtl speeds up the transport process catalyzed by the membrane-bound domain. The measured rate constant for the displacement of mannitol bound to intact IS0 membranes is a combination of the rate constants for the translocation of the loaded binding site ( k , and k-,)
